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Hedges, J. A. Ornstien, and W. J. S. Pyper, to whom tho thanks of the
meeting were duly accorded.

The PRESIDENT : I have much pleasure in reading to you a
telegram received from the American Institution of Electrical
Engineers :—

(Copy.)
"MCMILLAN, Secretary, Institution of Electrical Engineers, London.

"The American Institute of Electrical Engineers, on the occasion
of their Annual Dinner, with Senor Marconi as their Guest of Honour,
send to their Sister Society their compliments and fraternal greetings.—
(Signed) CHARLES P. STEINMETZ, President."

I need hardly say that that telegram is under acknowledgment in
the usual manner with the Institution's thanks for their kindly greeting.

I have now to announce that the Council have awarded premiums
to the following students for reports rendered at the suggestion of the
Council on exhibits at the Glasgow Exhibition. The object on the
part of the Council was to induce students to concentrate their atten-
tion upon the various exhibits there, and then to devote themselves to a
report on the special subjects which had been selected by the Council:
—Messrs. A. F. T. Atchison, T. A. Davies, J. D. Griffin, J. B. Langford,
P. Laubach, H. L. Percy, A. Raworth, D. Reid, F. E. Robinson, and
James C. Smail.

I have further to announce that the Institution, with a view of
economising expenditure on the part of those who may require to com-
municate with the Secretary, have registered as the telegraphic address
of the Institution "Voltampere, London," "Voltampere" being one
word.

The following paper was read :—

EARTH CURRENTS DERIVED FROM
DISTRIBUTING SYSTEMS.

By E. BASIL WEDMORE, Associate Member.

Particular interest has recently been aroused in con-
nection with the subject of earth currents, principally
owing to the consideration which has been given to the
question of the protection of observatories and other places
from magnetic disturbances due to the use of the earth as a
return conductor in traction work. Although some of the
questions raised have been of only temporary interest, yet as
it is certain that wherever there are electrical distribution
systems there wilt be earth currents, the consideration
of the earth as a conductor and of the phenomena accom-
panying earth currents is a subject of permanent interest.
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My connection with the practical side of the subject has
been hardly more than sufficient to enable me to see how
many problems there are yet unsolved, but it has been
thought that a general statement of some of the conclusions
arrived at, accompanied by a demonstration of their applica-
tion to the explanation of certain well-known facts, would
serve to open the subject for discussion, when undoubtedly
a quantity of useful data and opinions will be forth'
coming.

As the theoretical part of this subject has been built
up in connection with the question of magnetic effects,
the matter will be most easily approached from that point
of view.

I am indebted to Mr. Trotter, with whom I was
experimenting in March, 1900, for drawing my attention to
certain early work of Heaviside's written at a time when
earth return currents were, to say the least, not likely to do
away with gas- and water-pipes, and which forms the basis
of the following considerations. The principal conclusions
with reference to the magnetic effects were arrived at before
April, 1900, but I was prevented at the time from pub-
lishing them, principally by illness, except among interested
parties.

We shall commence by considering the current distribu-
tion accompanying the use of the earth as a return in a
simple traction system, and we shall approach the subject
from the magnetic side. On first consideration it might
appear that the magnetic effects at any point away from the
rails would be produced principally by the currents in the
immediate neighbourhood of that point, but this is not the
case, for the magnetic forces due to the long distant streams
of current are roughly only inversely proportional to their
distance, so that the large current flux passing through the
enormous areas below the track will have a relatively large
effect as compared with that due to the small current flux in
the immediate neighbourhood. In determining the magnetic
effects at any point it is necessary, therefore, to consider the
magnetic effect due to the current system as a whole.

Should the whole current return by the rails the
magnetic effects due to the current in the trolley wires and
rails would practically cancel, except in the immediate
neighbourhood, A large proportion of the current,
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however, returns by the earth, and at a distance from the
trolley wire. The magnetic effects due to the current in
the trolley wire, therefore, are not cancelled by the return
currents. In this sense it is correct to say that the magnetic
effects are clue to the earth currents.

When the engineer, familiar with electric circuits, turns
his attention to problems connected with magnetic circuits,
he is assisted by rinding relations between magneto-motive
force, magnetic flux, and reluctance, similar to those
between E. M. F. current and resistance. When he meets
with problems involving the distribution of current fluxes
in space instead of in linear conductors, he will be assisted
by his familiarity with the distribution of magnetic, fluxes
under similar conditions. There is perhaps something
more than an analogy here between the electric and the
magnetic flux, and may be it is only due to the limitations
of our present state that we do not recognise it. The two
fluxes are always linked together in closed circuits, and
there is a definite quantitative relation between them.
The difference in permeability between the most permeable
and the least permeable substance is something of the order
of 3,000. The difference in conductivity between the best
conductor and the best insulator is, of course, of a higher
order altogether. It is practicable, therefore, to carry current
fluxes through very long conductors of small section without
appreciable loss, while this cannot be done with magnetic
fluxes. Perchance some would-be pioneer has already
applied for a patent for transforming up magneto-motive
force, and it is only the difficulty of obtaining the necessary
magnetic insulation between the turns in his magnetic
circuit that will give him trouble. Two turns might be
practicable.

We are familiar with the calculation of magneto-motive
force in a closed magnetic circuit, from the current flux
passing through that circuit, from the relation :—

4 7r x current flux = magneto-motive force
or line integral of magnetic force.

We know also that we cannot produce M. M. F. in the
circuit by means of currents which do not link with the
circuit. From this it follows that, given the M. M. F. in a
closed circuit, we can calculate the current which passes
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through, and is linked with, that, circuit. In general, in
any magnetic system produced by a corresponding current
system, we may calculate the current passing through any
closed curve by taking the line integral of magnetic force
roun'd that curve and dividing by 4 w.

The first practical deduction to be made from these
considerations is, that at any point where the magnetic
flux is relatively weak the current must also be relatively
weak.

On the assumption that the specific conductivity of the
earth is uniform and that the return currents enter and leave
at points, it may be shown that the magnetic force directly
due to the earth currents has no vertical component. If
this is so, then no part of the vertical component due to the
current in the trolley wires and feeders is cancelled by the
earth currents. We may see, also, that except close to the
line the magnetic field due to the current in the trolley wire
will have no horizontal component. In the hypothetical
case, therefore, the horizontal component is wholly due
to the earth currents and the vertical component to that
portion of the trolley and feeder currents that is not
cancelled by the rail return current. We know that in the
immediate neighbourhood of the track the trolley current
will have a considerable horizontal component. Half a
mile out, however, this component will be quite negligible
and the general statement holds good.

Should the assumptions made not be representative of
the real conditions, then in the real case some portion of the
vertical component will be cancelled and the magnetic field
reduced. The only exception to this would occur in case
there were a large conducting system lying in and parallel
with the current stream and having good electrical con-
nection with the earth.

As the above allocation of the horizontal and vertical
components of the magnetic forces is of considerable im-
portance, some amount of explanation is desirable. Take
the simplest hypothetical case (Fig. 1), in which a certain
current flows from A to B in an insulated conductor lying
on the earth's surface and returns by the earth, entering the
earth at the point B and leaving it at the point A. The
magnetic field due to the current in the insulated conductor
will be a circular one, the lines of force entering and
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leaving the earth's surface at right angles, so that at the
surface there is no horizontal component.

Consider now the current flux entering the earth at
the point B. The current will tend to spread out uniformly
in all directions, its density decreasing with the square of the
distance and the potential varying inversely as the distance.
The current flux distributes in a medium of uniform con-
ductivity as a magnetic flux would distribute in a medium
of uniform permeability, and we may calculate the resultant
distribution of a current entering at one point and leaving at
another just as we should calculate the resultant magnetic
flux due to a north pole at the first point and a south pole at
the second. The current at any point will be in direction
and strength the resultant of the incoming and outgoing

currents t h e r e
p would be at that

point were there
only an incoming
or outgoing cur-
rent flux.

Now the mag-
netic field due to
a current entering

the earth's surface at B and diverging uniformly will obviously
be symmetrical about a vertical axis. It will have equal
strength at equal radii at points on the earth's surface and
in planes parallel to it. Whatever the distribution may be,
we know that the line integral of the magnetic force round
any closed curve ~ 4 IT will give us the current passing
through that curve. We are most interested in the force at
the earth's surface. Assume for the moment that the current
arrives at B along a straight vertical wire, then any closed
curve on the earth's surface including the point B will
include the whole current. We have now found two
conditions, namely :—

(a) Uniform, and therefore circular, distribution of
the magnetic field, the circles having circum-
ferences of 2 7r r.

(6) Line integrals round these circles to be all equal
and to have value 4 TT C.

2 c
The field strength, therefore, at any point, will equal — •

d
FIG. 1.
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The field at the surface, however, due to the long

wire bringing up the current to the point B will = -

therefore the field around B, due to the diverging current

flux, which is what we require, will also equal —. It is

obvious from symmetry that there can be no vertical com-
ponent.

We may now resolve our forces due to the systems at
A and B. For the horizontal component, if B is distant d
from A, then the force at any point p distant rx and r8 re-
spectively from B and A = — - in absolute units.

If the current is fed along a wire from A to B, the

vertical component at p = y (cos Si + cos 0a) where / =

perpendicular distance of p from the wire and 6X and 03

are the angles between the wire and rx and ra respectively.
It has already been shown that current passing along the

trolley line and feeders and returning by the rails has no
appreciable magnetic effect except in the immediate neigh-
bourhood of the track. For the purposes of calculation,
therefore, we neglect this portion of the current. For the
purpose of a first approximation we may guess at two points,
A and B, at which the current may be supposed to enter and
leave the earth, and apply the above formulae.

Mr. E. Parry has shown, in a contribution to the
Electrician for August, 1900, that on the assumption that
the principal resistance offered to a current entering or
leaving the track is in the immediate neighbourhood of the
track, that the track is uniformly grounded, and that all the
current enters the rail at one end and leaves it at the other,
the amount of current leaving the track from point to point
follows an equation of the same form as Fourier's equation
for the heat flux radiating from a long conductor heated at
one end. Professor Rucker who arrived independently at
this result and also at the source and sink theory above
described, has given a mathematical treatment of the subject
in a contribution to the Physical Society, which appears in
the Philosophical Magazine for April, 1901. Professor
Rucker shows how to calculate fhe vertical magnetic effects
on the assumption of the Fourier bar theory and source and
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sink theory combined, and Dr. Glazebrook has worked out
some examples and deductions from the same.

Fortunately, or unfortunately, the hypothetical cases
rarely fit the real cases, and I find an intelligent use of the
simple formulae given above leads to quite as accurate
results as the use of the more complex formulas alluded
to.

Before making practical application of these conclusions
there is another fundamental question which requires to be
dealt with. Doubt has been thrown on the truth of the
fundamental assumption of the source and sink theory.
It has been suggested that while the experience of traction
engineers goes to show that the earth is a very reliable
quantity—that for instance the proportion of the total
current which leaves six miles of line is nearly independent
of the situation of that line—yet, the earth may not be a
homogeneous conductor. Dr. J. Edler has suggested that
the return currents are carried by a layer of damp ground
extending only a small depth below the surface, having
founded this theory on the results of experiments performed
near the electric tramway of Spandau.

Now a little consideration will show that the formulae
deduced above for the magnetic effects at the surface of the
earth, due to return currents flowing through it as a homo-
geneous conductor, are equally applicable to the surface
conditions due to return currents in a thin layer of earth.
The vertical effects due to the outgoing current are obviously
unaffected, while the reasoning previously applied to the
calculation of the horizontal forces will be found to apply
also in this case.

As this is a point of considerable importance, I shall
proceed to show that the theory fits the facts.

Professor Rucker has already shown an agreement
between theory and experiment based on measurements
made at Stockton. I give in the following table (p. 583) the
measured disturbances reduced to 100 amperes in the out-
going feeder, the line being two miles long and the observing
stations 0*4 and o*8 mile distant, along a perpendicular from
the centre of the line, and side by side I give my calculated
values on a first approximation. The unit used =
absolute units,
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OBSERVED.

0-4 Mile.

V H

4"5 3"o
4'5 2-3
3-0 2-3
3'o 1'5
4"S
4"S

o'8 Mile.

V H.

CALCULATED.

o'4 Mile.

V H

4 '2 2 I

o-8 Mile.

V H

17 1-25

V = Vertical component. H = Horizontal component.

Dr. Edler's experiments covered a much larger area, the
most distant observing station being nearly five miles from
the track. Figure 2 shows the relative position of the
track and of the seven stations at which observations were
made. From the observed forces 1 have calculated the
leakage currents. I have assumed that a current flowing
through the earth between the points H H would produce

FIG. 2.

about the same horizontal disturbance as the actual current
stream, and that a current of uniform strength flowing in
the trolley wire between the points V V would produce
about the same vertical disturbance. The following are the
results obtained :'•—
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Station.

No.

I
2

3
4
5
6
7

OBSERVED DISTURBANCE.

V

25-2
1 0 6

4'3
o'95
O"24
I'00
n o

H

9"5
6 1

4*3
1 "3
0-44
r 4
17

LEAKAGE CURRENT CALCULATED FROM
OBSERVED DISTURBANCE.

from H

53 a m P s -
47 ,
46i ,
77 ,

113 ,
5H ,
52 ,

From V

64 amps.
57i
42
66
59*
37
36* ,>

Although at first sight this may not seem a striking con-
firmation, an examination of the figures in the two right-
hand columns, together with the diagram, reveals several
interesting features.

(1)-Except at the first two stations the vertical force
appears to have been proportionately less than the
horizontal, showing that some portion of the vertical
force has been cancelled by irregularities in the
current streams. (The line bends outwards towards
the first two stations, which being the nearest are
most affected thereby, thus accounting for the
apparent discrepancy.)

(2) The current fed along the part of the line below
the power-house is reversed in direction, thus
accounting for the apparent reduction of the vertical
effects at stations 6 and 7, without affecting the
horizontal disturbance.

(3) Considering the above the vertical effects are far
more uniform than the horizontal, which would be
expected from the uniformity of distribution of the
line current as compared with the earth currents.

(4) It may be noted that, excepting station 5, at any
particular station there is a good agreement be-
tween the currents calculated from the two dis-
turbances. The differences between station and
station being undoubtedly due to variations in the
load from day to day, the experiments having been
made on different days at different stations. At
station 5 the whole calculation turns on the'
measurement of a few millionths of a line of force
per square centimetre.

Taking the figures as a whole we may estimate the'
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leakage current as about 60 amperes—not an unlikely value
considering the length of the line and the service 15-motor
and 2-trailler cars.

The agreement between the observed and calculated
values given by Dr. Edler is, in the case of the horizontal dis-
turbances only, closer than that just shown. The formulae
used, however, appear empirical, and the closeness of agree-
ment more unfortunate than otherwise, as Dr. Edler was
probably misled into accepting the theory, as was the writer
.at first, by the agreement obtained. Dr. Edler makes no
attempt to calculate absolute values or to show agreement
between the relative values of the horizontal and vertical
disturbances.

The direction of the observed horizontal disturbances
is indicated in Figure 2. In the case of a current sheet
these disturbances should be normal to the current stream
lines. These lines should be circles passing through the
points H H. The dotted lines in the figure are portions of
such circles, and it will be seen that they are approximately
normal to the magnetic lines.

The direction of the current lines would not be very
different were the earth a solid conductor. In Figure 3
are shown the current streams for a sheet, the current
entering at B and leaving at A. Figure 4 illustrates an
approximation to the current distribution that would obtain
in a hypothetical case in which all the current is fed into
one end of the rail and taken out at the other, the leakage
being distributed as in a Fourier bar. Figure 5 gives the
surface distribution of current streams on the assumption of
a homogeneous earth, the current being fed in at B and
taken out at A. A simple graphical construction for obtain-
ing these curves is given in Figure 6, and is the same as
would be used for a magnetic flux.

In the light of the above we are amply justified in con-
cluding that we know the distribution of magnetic force in
the neighbourhood of a traction system, and that we know
the direction of the current streams near the surface of the
earth, but further information is required before we can
calculate their strength, for if the current flows in a plane of
relatively small thickness the current density at any point
will be inversely as the distance between the lines of current
(see Figure 4) while if the current flow through the body of
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the earth the current density at any point will be inversely
as the square of the distance between the current lines at
that point.

At Stockton we have seen that the horizontal component
of the magnetic disturbance at a point o*8 miles from the
line was 15 x io~6 absolute units. If the earth is a solid
conductor, the fall of potential along the current stream
must have been at the rate of about 1 volt per 60,000 yards.
If the current sheet be 250 feet deep, the voltage drop must
have been about 1 volt per 1,000 yards. At greater distances
from the line the difference between the two results will be
largely increased. In calculating these values, the specific
resistance of the earth has had to be considered. I shall
show shortly how this was arrived at.

Meanwhile, let us continue the examination of the point
at issue. When the bonded rails for the track of the London
United Tramways Company were laid, it was found by
experiments on some 2\ miles of track, that there was a
variation of potential occurring along the rail such as would
be caused by traction systems, and such as would correspond
to a flow of + or — 15 amperes along the rails. The current
alternated in direction. The mere fact of the rails collecting
such a large current would show that the conductivity of the
return path in the neighbourhood was considerably improved
by the rails, so that the voltage drop before the rails were
introduced must have been still higher. The voltage drop
was as high as about 0*2 volt per mile, which, considering
the distance of the nearest traction system, points to a
current sheet.

Fall of potential tests made at divers places by divers
persons give values at least as high as the figure given for a
250-foot current sheet, which makes it probable that often, if
not always, the currents return in a sheet of comparatively
small depth. In the light of these considerations additional
interest will be attached in future to such tests.

Let us how consider the conditions holding in the
immediate neighbourhood of the track where the current
densities are greatest. In a paper previously alluded to, Mr.
Evan Parry has shown that there is an apparent resistance
between the rail and the body of the earth of about 740,000
ohms over a square inch. This is equivalent to about 5,000
phms over a sqijare foot, so that if the rail was at a potential

VOL. 31. 39
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of 5 volts above that of the earth, the .maximum current
density would be less than one-thousandth of an ampere per
square foot, and this would rapidly decrease as the distance
from the rail increases. I have already shown how to
estimate the paths of the current streams through the earth.
Consider the path of any portion of the current flux. The
current leaves the rails, enters the earth, spreads out into a
larger and larger stream as it leaves the track, curves round
towards the point of return, converges on to a distant part
of the rail, and enters the same again. Now on its path it
meets with certain resistance offered by its earth path,
possibly certain resistance offered at the contacts between
rail and earth, and possibly with certain electrolytic E.M.F.'s.
We know the total apparent resistance of the whole path. If
we assume that the whole of the resistance is that offered by
the earth, and with that as basis calculate the specific
resistance of the earth, we shall be over-estimating rather
than under-estimating the value of the same.

On several occasions since March, 1900, I have
approached this question, having estimated as accurately
as possible the dimensions throughout of one or more
current paths through the earth, based on measurements
made in England and Ireland, and again on Mr. Parry's
published data. Given the dimensions, the calculation of
the specific resistance is easy. The values obtained have
always been in the neighbourhood of 75 ohms per yard
cube. We may compare this with the values of 50 ohms
per yard cube for clay containing about 60 per cent, of
moisture and 35 ohms for sand containing about 8J per cent,
given by Herrick.

Dr. Fleming, in an important paper read at the meeting
of the British Association, at Bristol, in 1898, gives a value
of 17 ohms per yard cube for clay, based on laboratory
measurements, and 1 ohm per yard cube for sand wetted
with salt water—a figure which is interesting in connection
with Mr. Trotter's experiments on voltage-drop near the sea
in Cape Colony. Dr. Fleming gives reference to experi-
ments made in 1896 by Dr. St. Lindeck at Berlin, in which
the following results were found :—

Cement in normal condition 50 ohms per yard cube.
Cement after 22 hours soaking in

water .15 ,? .,,
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Cement artificially dried at IQO°IC. | 50 ohms per yard cube.
for 5+ hours 270 „ „

Concrete, 1 pt. cement, 5 pts. gravel,
minimum value 25 „ „

Concrete after drying 500,000 „

We may apply the value of the earth's specific resistance
to the estimation of the current that would flow into a pipe
of a given diameter, given the potential difference between
the pipe and the body of the earth.

Let rx = radius of the external circumference of the
pipe, in inches.

r2 = a larger radius measured from the axis of the
pipe into the earth, in inches.

K = specific resistance of the earth = 2,700 ohms
per inch cube,

then R the apparent resistance of the earth over a square
inch of pipe surface is given by the following :—

R = 2-303 Krx (log r2 - log rz),

from which we may calculate the current density for a
given voltage.

If we allow, taking into account the spreading of the
current as it leaves the pipe in a direction parallel to the
axis of the pipe, that the whole resistance will be practically
equal to that reached at a radius of 1,000 inches without
spreading, then inserting 2,700 for K, we have :—

R = 6,000 rx (3 - log 1\).

For a 10-inch pipe we have R = 69,000, while for a
2-inch pipe R = 18,000 ohms, that is to say, the smaller the
pipe the less the resistance over a square inch of surface.
This is perhaps an unexpected result.

In estimating the value for K it was found that one-fifth
of the resistance to the earth currents is encountered in the
first 10 -feet of ground, and about ;half in the first 100
feet. The value obtained therefore is not materially affected
by any considerations as to whether the currents penetrate
below a depth of a few hundred feet or so.

It might be thought that the presence of pipes in the
surface layers of the earth would so materially improve the
conductivity near the surface that return currents would be
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almost confined to that region. Were this the case, how-
ever, the conductivity would be largely dependent on the
state of the weather. So far as I can discover, all experi-
ments on a large scale have shown the contrary to be the
case. I have attempted to discover traces of electrolytic
E.M.F.'s by a careful comparison of the theoretical curves
given by Mr. Parry with curves obtained in practice, but
have been unable to obtain any positive evidence. In
general, the agreement and general reliability of the curves
in cases where the E.M.F. is both below and above that,
necessary to decompose water would seem to be additional
evidence that the-conductivity of the earth did not depend
much on electrolytic actions. Experiments made by Mr.
George Claude and communicated to the Societe des Electri-
ciens in July, 1900, showed that if a current was passed between
lead plates buried in the earth with a potential difference of
23 volts, the amount of decomposition produced was as
though only 40 per cent, of the current had been flowing,
and this figure was reduced to 4 per cent, if the voltage was
reduced to 1 volt. Herrick has given a figure corresponding
to the latter for iron plates.

Recent observations tend to show that in the past
electrolytic troubles have been very much overrated, and
that in many cases corrosion not due to earth return
currents but to the usual taxes levied by Nature from the
users of inferior metal, have been attributed to the return
current. Cast iron has been found more free from corrosion
than wrought iron, and oxides produced at the seat of
electrolysis increase the resistance, and reduce the electro-
lytic current.

It is quite a different matter when one comes to consider
the effects due to leakage in connection with the earthed
middle wire of a three-wire lighting system. In this con-
nection the formulae developed above for the current
density in the surface of small pipes will be found of
interest. To those who are not accustomed to figuring the
insulation resistance of thick dielectrics on thin wires, some
of the deductions which may be made from the formulae
referred to may prove curious. For instance, in the limit
where the wire is very small it will be seen that the current
density is inversely proportional to the radius of the wire.
Now the current density is a measure of the rate of change
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of potential through the dielectric. For a given E.M.F.
we may increase the dielectric strain up to any limit we
please, even above the breaking limit, if only we make the
wire small enough.

The notion that there is a practically constant resistance
between tram rails and the body of the earth, now well
proven, serves to simplify the consideration of many pro-
blems depending on the nature of the earth return. As an
example a brief consideration will be given to the question
of bonding water-pipes to the rail in the neighbourhood of
the Traction Station—a question on which some difference
of opinion has recently arisen in at least one quarter.

The primary object is to reduce both the area of pipe
out of which current is flowing, and to reduce the density
of the outward flowing current. If there is no con-
nection between the pipes and the rail, the current flowing
into the surface of the pipes must equal the current flowing
out of the surface of the pipes, and when either is a minimum
both will be a minimum. The rail being disconnected from
the pipes, its potential will be such that the sum of the
resistances to the inward and outward flowing currents will
be a minimum. A point about the middle of the rail will
be at zero potential, the further end + and the station end —.
The earth current will also be a minimum. If now the + or
further end of the rail be connected to the pipes, the area
over which the current leaves the pipes will be considerably
augmented, but the area of rail — to the earth will also be
considerably augmented, thus increasing the total leakage
current. If, however, the — end of the rail be connected to
the pipes, the rail as a whole will be positive to the earth
and the pipes as a whole will be negative to the earth, the
amount of current leaving the pipe surfaces being a
minimum. The pipes may now be considered as an
extension of the rail, and the best protection will be obtained
when the point of junction is at the earth's potential, other
things being equal. The currents entering and leaving the
pipes must be equal, hut no current now leaves the pipe
surface.

We have now, however, very largely increased the
currents carried by the pipes. While this may be to the
advantage of the current user, it may not be so to the pipe
owner. At each bad joint the current will leave the pipe over
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a limited area at a high density and return again further on.
The smaller the pipe, the higher the current density. If,
moreover, the pipes are conveying electrolysable liquids
internal as well as external damage may ensue.

If one had it in one's power to lay both pipes and track
in the best possible manner, it would seem best where metal
pipes are used to use cast iron, to introduce resistance at
every joint, to introduce any possible surface resistance,
and to avoid all connections with the rails, leaving the rails
to take their own potential.

In conclusion, may I express the hope that this paper
will serve at least to draw attention to the lack of informa-
tion on this important subject, and that in the discussion
that follows, will be found the key for future investigations ?

The The CHAIRMAN : Dr. Glazebrook was to have favoured us with his
presence here to-night. The subject with which Mr. Wedmore has
dealt is one in which he has taken the greatest interest, but I am sorry
to say he is prevented from being here. He has, however, sent a
communication. It is exceptional, I know, to read communications of
this kind at the meetings, but in this instance I will ask you to allow
the communication to be read, because I am sure it will prove interesting.

The following communication from Dr. Glazebrook was read by
the Secretary :—

Glazebrook ^ r " ^ ' ^ ' GLAZEBROOK (communicated): Mr. Wedmore has referred
to papers on tjie same subject published in the Philosophical Magazine
for last April by Prof. Riicker and myself. Prof. Riicker developed
his theory, as Mr. Wedmore points out, on the assumption that the
track is uniformly grounded, and that leakage, according to Fourier 's
law, goes on along its length. I stated in my paper, however, that the
application of this to practical problems is " somewhat complex," and that
it suffices to suppose that all the leakage current leaves the track at the
car and returns to it at the power-station. Thus Prof. Riicker's
equations are simplified, and those which I used, pp. 433 and 441, are
identical with the equations, developed by Mr. Wpdmore. -For c the
leak-current, I have used the symbols Ik, I being the current in the
trolley wire, and k a leakage coefficient which, as Mr. Parry showed,
depends on the length of the line and on the conductivities involved,
while my two fractions (a + b) /r2 and b/r, are the cos 02 and cos 0r of
Mr. Wedmore 's expression.

It may be of interest also to repeat a table from my papers giving the
comparison between Dr. Edler 's experiments and the simple theory in
a rather different form from that in which it is given by Mr. Wedmore .
The table gives the values of the calculated and observed vertical disturb-
ing force, and is based on the assumption that in the line in question,
about three miles long, the proportion of leakage current to current in
the trolley wire is 25 per cent.


